A B S T R A C T To explore the control of thyroid hormone metabolism in brain during maturation, we have measured iodothyronine deiodination in homogenates of rat cerebrum, cerebellum, and hypothalamus from 1 d postnatally through adulthood. Homogenates were incubated with 125I-L-thyroxine (T4) + [13'I]3,5,3'-Ltriiodothyronine (T3) + 100 mM dithiothreitol. Nonradioactive T4, T3, and 3,3',5'-triiodothyronine (rT3) were included, as appropriate. The net production rate of [125I]T3 from T4 in 1-d cerebral homogenates was similar to the rate in adult cerebral homogenates (9.9 +2.5[SEM]% vs. 8.9±1.2% T4 to T3 conversion in 2 h). Production of T3 was not detectable in 1-d cerebellar and hypothalamic homogenates. The net T3 production rate in adult cerebellar homogenates was twice as great as, and that in adult hypothalamic homogenates similar to, the rate in cerebral homogenates.
A B S T R A C T To explore the control of thyroid hormone metabolism in brain during maturation, we have measured iodothyronine deiodination in homogenates of rat cerebrum, cerebellum, and hypothalamus from 1 d postnatally through adulthood. Homogenates were incubated with 125I-L-thyroxine (T4) + [13' I]3,5,3'-Ltriiodothyronine (T3) + 100 mM dithiothreitol. Nonradioactive T4, T3, and 3,3',5'-triiodothyronine (rT3) were included, as appropriate. The net production rate of [125I]T3 from T4 in 1-d cerebral homogenates was similar to the rate in adult cerebral homogenates (9.9 +2. 5 [SEM]% vs. 8.9±1.2% T4 to T3 conversion in 2 h). Production of T3 was not detectable in 1-d cerebellar and hypothalamic homogenates. The net T3 production rate in adult cerebellar homogenates was twice as great as, and that in adult hypothalamic homogenates similar to, the rate in cerebral homogenates.
Tyrosyl ring deiodination rates of T4 and T3 were more than three times as great in cerebral homogenates from 1-d-old rats as in adult cerebral homogenates. In cerebellar homogenates from 1-d-old rats, tyrosyl ring deiodination rates were much greater than the rates in adult cerebellar homogenates, but less than those in 1-d cerebral homogenates. In 1-d hypothalamic homogenates, tyrosyl ring deiodination rates were the highest of all the tissues tested, whereas rates in adult hypothalamic homogenates were similar to those in adult cerebral homogenates.
During maturation, T4 5'-deiodination rates increased after 7 1208 (Vmax) of the reaction. T4 and T3 tyrosyl ring deiodination rates decreased progressively with age down to adult rates, which were attained at 14 d for cerebrum and cerebellum and at 28 d for hypothalamus.
These studies demonstrate quantitative differences in T4 5'-deiodinase activities in cerebrum, cerebellum, and hypothalamus at all ages, with the overall maturational pattern differing from the developmental patterns ofboth the pituitary and hepatic T4 5'-deiodinases. lodothyronine tyrosyl ring deiodinase activities also vary quantitatively among these same brain regions and exhibit a pattern and a time-course of maturation different from that of the T4 5'-deiodinase. These enzymes could have important roles in the regulation of intracellular T3 concentrations and, hence, on the expression of thyroid hormone effects.
INTRODUCTION
Phenolic ring, or 5'-deiodination of L-thyroxine (T4),l which occurs in rat brain in vivo (1) (2) (3) , supplies much of the endogenous 3,5,3'-L-triiodothyronine (T3) in the cerebral cortex and cerebellum, including that T3 which occupies the nuclear T3 binding sites (2, 3 (4) . The in vivo occurrence of tyrosyl ring deiodination of T4 and T3 is thus suggested. We have 'Abbreviations used in this paper: DTT, dithiothreitol; 3,3'-T2,3,3'-L-diiodothyronine; 3'-T1, 3 '-L-iodothyronine; T4, L-thyroxine; T3, 3,5,3'-L-triiodothyronine; rT3, 3,3',5'-L-triiodothyronine; Vmax, maximum enzyme activity. demonstrated in vitro T4 5'-deiodinase activity in homogenates of rat cerebral cortex and cerebellum and found in vitro activity of a separate tyrosyl ring deiodinase that converts T4 to rT3 and converts T3 sequentially to 3,3'-T2 and 3'-L-iodothyronine (3'-T1) (6) . Both enzymes are largely particulate and require thiol reducing agents for detectable in vitro activity (6) .
Thyroid hormone metabolism in fetal and neonatal rat tissues differs from that in adult tissues. T4 5'-deiodination rates in liver homogenates from neonates are much lower than in adult liver homogenates, but the differences are abolished by addition of the thiol reducing agent, dithiothreitol (DTT) (7, 8) . In contrast, in vitro T4 5'-deiodination is more rapid in neonatal pituitary tissue than in adult pituitary tissue (8, 9) . If orderly changes in patterns ofthyroid hormone metabolism were also to occur in the brain, then the argument for the biological significance of changes in in vitro rates of iodothyronine deiodination reactions in brain tissue in altered physiological states would be strengthened. Further, since T3 is both produced and degraded by brain homogenates, knowledge of relative reaction rates at different ages could facilitate the interpretation of previous (5) and future in vivo studies of brain tissue T3 concentrations. We have therefore investigated changes in deiodinative metabolism of thyroid hormone in vitro occurring during maturation. Cerebrum, cerebellum, and hypothalamus were examined separately, since our previous studies showed differences between adult cerebral cortex and cerebellum in rates of T4 5'-deiodination and of T4 and T3 5-deiodination (6) . Determinations of the kinetic parameters for T4 5'-deiodination in cerebral homogenates were also made by modifying the incubation conditions to minimize concomitant reactions that interfere with measurements of T3 production. Tissue was homogenized in 9 vol Tris-sucrose containing 100 mM DTT. Details ofthe tissue preparation and incubation procedures have been reported (6) . In some experiments, a high-speed pellet (material sedimenting between 1,000 and 160,000 g) was prepared as described (6) (Table I) , and in rates of T4 depletion via 5-deiodination (see below), the capacities of neonatal cerebellar and hypothalamic homogenates to catalyze T4 5'-deiodination were clearly much lower than those of the corresponding adult homogenates. In homogenates from adult rats, the mean T4 5'-deiodination rate was highest in cerebellar tissue (Table I) , P < 0.001 vs. cerebrum and hypothalamus.
METHODS
Tyrosyl ring deiodination of T4 and T3 in cerebrum, cerebellum, and hypothalamus from 1-d-old and adult rats (Table I ). The mean rates of tyrosyl ring deiodination of T4 and T3 were more than three times as great in cerebral homogenates from 1-d-old rats than in adult cerebral homogenates in incubations with 1 ,uM T3. In incubations using 1 uM rT3 instead, 61±6% of T4 was converted to rT3 in the 1-d homogenates vs. 33 ±3% in the adult homogenates (P < 0.001). In cerebellar homogenates from 1-d-old rats (Table I) , tyrosyl ring deiodination rates of T4 and T3 were about half the rates in 1-d cerebral homogenates, but were much greater than the rates in adult cerebellar homogenates, the latter having very little activity. In cerebellar incubations with 1 ,uM rT3, similar findings were noted: T4 to rT3 conversion was 41.4±3% in the 1-d homogenates and 1.1±0.3% in adult homogenates (P < 0.001). In hypothalamic homogenates from 1-d-old rats (Table  I) , tyrosyl ring deiodination rates of T4 and T3 were the highest of all the tissues tested, whereas rates in the adult hypothalamic homogenates were similar to the rates in adult cerebral homogenates.
To test the effects of differences in protein content on tyrosyl ring deiodination rates, tyrosyl ring deiodination of 1 ,M T3 was measured in adult tissue homogenates diluted with 1 vol Tris-sucrose-100 mM DTT. In the three brain regions, rates were reduced in the diluted homogenates to 42-76% of the rates in homogenates in percent conversion of 125I-T4 to [125I1] T3 as the T4 concentration was increased, but when rates were translated from percent conversion to femtomoles T3 produced per minute per milligram protein, the molar reaction rates were found to increase with the T4 concentration. In these incubations the extent of [131I]T3 degradation was reduced to 6-15%, the extent ofT4 degradation (largely to rT3) was reduced to 16-25% (compare Table I ), and the protein concentrations were similar in the homogenates from the pups and the adults. The higher T3 concentration thus facilitated comparisons of T45'-deiodination rates. EadieHofstee plots of (reaction rate . average T4 concentration) vs. molar reaction rate (14) were linear. The kinetic parameters calculated from the plots are given in Table  II . The apparent Km for T4 was 34% lower in the 1-dold rats than in adults, whereas it was 45% higher in the 28-d-old rats than in adults. The Vmax was not significantly different in the 1-d-old and adult rats, but the Vmax in the 28 d rats was considerably higher than in other groups, 2.6 times as high as that ofthe adult rats. Changes in T3 tyrosyl ring deiodination rates during maturation. Total T3 tyrosyl ring deiodination rates (Figs. 1B, 2B , and 3B) declined progressively with age, attaining adult values at 14 d for cerebrum and cerebellum and at 28 d for hypothalamus. In parallel incubations, using <1 nM T3, fractional T3 tyrosyl ring deiodination rates were too rapid (>75%) in cerebral and hypothalamic homogenates at all ages to allow differences to be detected. However, in cerebellar homogenates incubated with <1 nM T3, mean fractional T3 tyrosyl ring deiodination fell from 70% at 1 d to 6% at 14 d and remained at that level thereafter. These data show that adult cerebellum has real, but low level, tyrosyl ring deiodinase activity which becomes saturated at 1 uM T3.
The conversion of 125I-T4 to rT3 in the presence of 1 ,M T3 or 1 ,uM rT3 showed the same pattern of decrease with age as did total tyrosyl ring deiodination of T3. That is, for each brain region, T4 tyrosyl ring deiodination rates declined progressively from the high neonatal values (Table I ) and reached adult levels at the same age as total T3 tyrosyl ring deiodination. (15) . Both of these values are 35-1,000-fold less than the Km for T4 of rat liver and kidney homogenate T4 5'-deiodinases (16) (17) (18) (19) (20) (21) (22) (23) . From this kinetic evidence and from the responses of brain and anterior pituitary T4 5'-deiodinase activity in hyper-and hypothyroidism (6, 8, 15) , the suggestions may be drawn that the brain and anterior pituitary T4 5'-deiodinases could be the same, or very similar, and that both may well be different from the liver and kidney T4 5'-deiodinase (17) .
The maturational pattern of T4 5'-deiodinase activity in the brain proved to be complex. T4 5'-deiodinase activity in homogenates of neonatal tissue was highest in the cerebrum and virtually absent in cerebellum and hypothalamus. In all three regions, the T4 5'-deiodination rates increased over the first 4 wk of life, attaining peaks above adult values, then declining to adult rates. For the cerebrum, this peak reflected an increase in the total enzyme activity (Vmax); the modest difference in apparent Km for T4 in the 28-d-old vs. adult rats was in a direction that would tend to lower rates in the 28-d-old rats at tracer T4 concentrations. The quantitative differences between regions at all ages reinforce our previous findings of regional diversity of T4 5'-deiodinase activity (6) .
Other tissues show different developmental patterns. In rat anterior pituitary tissue, T4 5'-deiodination rate in vitro are elevated in the neonatal period, after 1 d, and decline to adult values by 28-45 d (8, 9) . In rat liver homogenates, T4 5'-deiodination rates are much lower in fetal and neonatal tissue than in adult tissue (7, 8) but the differences between neonatal and adult liver are lessened or abolished by DTT supplementation (7, 8) . There is some uncertainty about the time course of change of T4 5'-deiodinase activity in liver: Harris et al. (24) found normalization of rates in liver homogenates at 5 d with (24) or without (7) a peak above adult rates at 7 d, whereas we observed persistently low rates at 9 d and normal adult rates at 21 d (8) .
For iodothyronine tyrosyl ring deiodination, the pattern of changes was completely different. Hypothalamic tissue showed the highest rates initially and remained above adult values longest. In all three tissues, there was a progressive decline in iodothyronine tyrosyl ring deiodinase activity until a plateau was reached at the adult values. Tanaka et al. (25) have reported in preliminary form that T4 and T3 tyrosyl ring deiodination is more rapid in homogenates of fetal rat brain than in homogenates of adult rat brain. Their observations are in accord with ours. The parallel changes of T4 tyrosyl ring deiodination and T3 tyrosyl ring deiodination in these and previous experiments (6) leave little doubt that a single brain tyrosyl ring deiodinase accepts T4 and T3 as substrates. In contrast, the present results support our previous conclusion (6) that the brain tyrosyl ring deiodinase is not the same enzyme as the T4 5'-deodinase: neonatal hypothalamic homogenates have abundant tyrosyl ring deiodinase activity and are devoid of T4 5'-deiodinase activity (Table I) , whereas cerebellar homogenates from hypothyroid adult rats have abundant T4 5'-deiodinase activity and are devoid of iodothyronine tyrosyl ring deiodinase activity (6) . Rat liver and monkey hepatocarcinoma cells contain iodothyronine tyrosyl ring deiodinases with catalytic properties generally similar to the rat brain enzyme (26) (27) (28) , and adult rat liver has higher activity than neonatal rat brain (26, 27) . Nonetheless, complete physical separation of hepatic phenolic and tyrosyl ring deiodinase activities has not been achieved (29) . Our findings in brain homogenates lead us to predict that hepatic phenolic and tyrosyl ring deiodinases will prove to be separate molecules.
By analogy with observations concerning T4 to T3 conversion in the anterior pituitary, we have reasoned that local T3 production in the brain is likely to be physiologically significant (6) . A recent preliminary report indicates that after 125I-T4 injection, the fraction of injected radioactivity that appears as T3 is greater in brain extracts from hypothyroid rats than in extracts from normal rats (30) . This finding is in agreement with our data that in vitro T4 5'-deiodinase activity is much greater in cerebral cortex and cerebellum of hypothyroid adult rats than in normal tissue (6) . The coherent patterns of change in activities of both deiodinases in brain tissue during maturation reinforce the idea that these enzymes may have an important role in the expression of thyroid hormone effects. An obvious possibility is that the balance of intracellular T3 production and T3 degradation is a major determinant of steady state T3 tissue concentrations. It is difficult to relate the in vivo data of Vigoroux et al. (5) , to the present results, since they extracted whole brains and since in vitro T3 production and T3 degradation rates at 10 d are changing rapidly and in opposite directions. The data in Figs. 1-3 suggest that 1-7, 28 and >60 d would be more suitable ages at which to compare brain tissue levels of iodothyronines and in vivo iodothyronine metabolism to obtain further direct evidence of the physiological significance of the iodothyronine metabolic pathways observed in vitro.
These studies, together with previous reports, suggest that there is a complex system of local regulation of thyroid hormone metabolism in target tissues, serving to modulate the expression of thyroid hormone effect. Many other factors that may regulate thyroid hormone secretion and actions on target tissues undergo changes in the first several weeks of life in the rat. These include the number of T3 nuclear receptors in different brain regions and in the liver, the sensitivity of thyrotropin secretion to thyrotropinreleasing hormone and to circulating iodothyronine concentrations, the plasma activity of the proteases that degrade thyrotropin-releasing hormone, the sensitivity of the thyroid gland to inhibition of secretion by iodide, and the sensitivity of the liver to plasma T3 concentrations (31) (32) (33) (34) (35) (36) (37) (38) (39) . Much additional work will be required to integrate these diverse observations into a complete picture ofthe regulation ofthyroid hormone action in the developmental period.
